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Abstract 
Monitoring the temperature and concentration distribution in a furnace accurately plays an important role in the 
efficiency and safety of the combustion. Based on relaxation attenuation model, an acoustical method is proposed to 
simultaneously reconstruct temperature and concentration fields in the cross section of a furnace. In our work, we 
first investigate the relaxation attenuation mechanism in a high temperature condition, then the dependence of the 
sound speed and acoustic attenuation on temperature and concentration is researched. The relations between acoustic 
parameters and physical parameters are expressed through two coupling models. Then, based on the idea of 
tomography, temperature field and concentration field are reconstructed simultaneously. Numerical simulations are 
carried out to verify the feasibility and possibility of the proposed approach, and the results show that the method 
introduced can simultaneously reconstruct the temperature and concentration fields theoretically, and also it may 
provide a novel technique in combustion state detection. 
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1. Introduction 
Obtaining the distribution of concentration and temperature accurately and fast in a burning furnace plays 
a significant role in real industrial applications. The existing methods of measuring the concentration of 
each component include the mass spectrometry method, the absorption spectroscopy method and the gas 
chromatography method; the methods for measuring the temperature include the thermocouple method, 
the plasma method and the thermal radiation method [1-3]. However, most of these methods can only 
measure single physical quantity and couldn’t achieve the simultaneous reconstruction of the temperature 
field and the concentration distribution of the gas mixture in two dimensional domains. 
With the advantages of non-invasive, real-time application and whole field survey, the acoustic 
tomography method is considered as a promising approach. In this paper, the comprehensive applications 
of acoustic method are realized to reconstruct the dual-physics field in a burning furnace. The present 
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work, on the other hand, is motivated by the needs for fast acoustic monitors for safety and efficiency of 
combustion based on the acoustic propagation parameters. Based on the relaxation model proposed by 
Dain and Lueptow (DL theory) and the computed tomography technique, these two physical quantities 
could be reconstructed by measuring the acoustic attenuation and sound speed. Consequently, this paper 
has applied the DL theory in monitoring the temperature field and concentration field of the target gas in 
a burning furnace. Meanwhile, the DL theory is extended to a hot environment, which is suitable for 
combustion monitor.  
2. Acoustic relaxation model for gas mixtures 
The prime work is to establish the relations between the acoustic parameters and the temperature and 
concentration. Sound speed and acoustic attenuation are two parameters which are measured in the 
monitoring. 
The relationship between the sound speed and the properties of gas mixture can be expressed as: 
2 /mix mixc RT MJ                                                                  (1) 
where,  mixJ  is the mole fraction weighted ratio of specific heats for the mixture,  T is the temperature,  
R is the universal gas constant and mixM  is the molecular weight of the mixture. Eq. (1) expresses the 
temperature and concentration dependent speed for gas mixtures. 
Establishing the relationship of the attenuation of sound with temperature and composition of mixed 
gases is a tough work. Acoustic attenuation occurs due to a series of reasons, the energy absorbed by 
thermal conduction and viscosity, the diffusion of the gas components, and the molecular relaxation. The 
classical acoustic absorption related to shear viscosity and heat conduction is computed based on known 
formulae, the diffusion of the gas mixture also can be calculated by existing theory, the relaxation 
absorption at the molecular scale is more complex and has been studied for several decades by overseas 
scholars. 
Gas molecules exchange energy in collision. Based on DL theory, the kinetic nature of the collision 
process among gas molecules and the model for energy transfer is [4]: 
( ') ( ) ( ) ( ')M p N q M p N q E   '                                                   (2) 
Where M  and N are species of gases, which are homogeneous or non-homogeneous. p  and  q  denote 
molecular vibrational modes. The superscript represents the molecule excited to a higher vibrational level 
above the ground level. Energy exchanged E'  in a collision can be expressed as follows: 
( ) ( )a bE h i j h k lQ Q'                                                             (3) 
Where h  is the Planck constant. aQ  and bQ  are the vibrational frequencies difference between different 
vibrational level of the molecule before and after the collision. 
In previous studies, DL theory is usually used at room temperature and the molecular energy transfer is 
small. Energy exchange occurs only between the lowest modes and between the resonance modes, which 
greatly simplifies the relaxation process. However, in a high temperature environment, such as in a 
combustion furnace, temperature can reach up to 1000 degrees Celsius. In this environment, higher modes 
of molecular should be considered. Take CO2-N2-O2 as examples, in room temperature, we only consider 
energy exchange occurs between the following vibrational modes: Q =2331 cm-1 of N2, Q =1554 cm-1 of 
O2, Q = 667 cm-1 of CO2. The Q =2349 cm-1 of CO2 is also includes due to its near resonance with mode Q =2331 cm-1 of N2. Once the temperature is much higher than room environment, more vibrational 
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modes should be added, such as Q = 1333 cm-1 of CO2. As a result, there are altogether 5 frequencies 
models in gas mixture CO2-N2-O2. 
Based on the DL theory extended to a high temperature, we can compute the energy transition 
probabilities between any two kinds of the frequency modes [5]. Then according to Euler gas equations, 
the propagation of sound in an excitable gas mixture is ultimately characterized by the effective wave 
number, which is expressed in the following equation: 
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where iD  is the mole fraction of each constituent in the mixture, 0vC and  0pC are the translational specific 
heat at constant volume and constant pressure of the gas mixture, 0k stands for the static value of the 
wave number, i*  is the temperature fluctuation ratio and vibiC  represents the vibrational specific heat of 
species i. vibiT' and iT'  are the fluctuations of the vibrational and translational temperatures. 
Two three-dimensional models can be established to describe the relations between the acoustic 
parameters, speed of sound and acoustic attenuation, and the physical properties temperature and 
concentration. Then the temperature and concentration could be reconstructed by measuring acoustic 
speed and attenuation. 
3. Numetical Simulation 
Numerical experiment is carried out in a 10m×10m cross section of a furnace. The purpose of the 
experiment is to monitor the temperature of the flue gas and the concentration of CO2. For simplicity, we 
choose the gas mixtures as CO2-N2-O2 whose vibrational frequencies and collisional parameters are listed 
in Table 1. Ultrasonic transducers are arranged uniformly around the cross section of the furnace to 
reconstruct the temperature field and the concentration distribution of CO2, see Figure 1. 
 
     Table 1. Vibrational frequencies and collisional parameters for gases 
 
 
 
 
 
 
 
Figure 1. Arrangement of acoustic transducers 
The numerical experiment can be divided into two parts: the forward problem and the inverse problem. 
The forward problem is to calculate the travel times and intensity attenuations of every path between the 
ultrasonic transducers based on the given fields and positions of transducers. The inverse problem is to 
obtain the sound speed and acoustic attenuation in every pixel, which are then used to reconstruct the 
temperature and concentration fields of CO2-N2-O2. 
 
V  
(10-10m) 
Normal modes of 
vibration (cm-1) 
Vibrational amplitude 
coefficients (amu-1) 
N2 3.749 2331 0.0354 
O2 3.541 1554 0.0625 
CO2 3.996 
  
  
1333 0.05 
667 
2349 
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Initial temperature field and concentration field are shown in Figure 2 and 3. Figure 4 and 5 denote the 
reconstructed fields of temperature and concentration. As shown in Figure 2-5, the error of temperature 
reconstruction is 8.56%, and the error of concentration reconstruction is 14.31%. 
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                             Figure 2. Initial temperature field                Figure 3. Initial concentration field of CO2 
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                 Figure 4. Reconstructed temperature field           Figure 5. Reconstructed concentration field of CO2 
4. Conclusion 
We show here a method for reconstructing the temperature and concentration fields simultaneously in a 
furnace. Based on the extended DL theory, the temperature field, concentration distribution in a 2D 
domain can be obtained by measuring travel times and intensity attenuations of acoustic signals. 
Numerical experiment is carried out in a 10m×10m cross section of a furnace to monitor the temperature 
of the flue gas and the concentration of CO2. It gives us the confidence in a practical application and the 
research direction in the future.  
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